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By  James B. Delano and Melvin M. Camnel 

Investigatiom of the XACA 4-( 5 )  (081-03 tw&lade propeller have 
been made in  the Langley &foot h-peed t m e l  for blade angles 
from 200 t o  700 far forward Mach numbers up t o  0.95. 

The resu l t s  show that the adverse effects  of ccanpressibility may 
be delayed t o  a f orwh Mach number of 0.71 for a blade angle of 6 5 O  

supercrit ical  f-d Mach ILumbers the  ra te  of maxlmum efficiencg loss 
increases w i t h  an increase in blade angle, and maximum efficiencies 
mater  than 56 percent m y  be obtained at a forward Mach ntadber 
of 0.925 f o r  %Lade angles less than 55O. When adverse COInpt3EEibility 
effects c8n no longer be delapd, the advance r a t i o  m t  be decreased 
t o  obtain the highest maximum efficiencies. For very high supercr i t ical  
Mach ~ U D ~ ~ C W S ,  operation at reduced advance ratios provides an increaee 
in  efficiency  through  incrgased values of 1" ratios for the 
blade sectiom,  but the principal gain in efficiency is due t o  a more 
favorable geome-ky of the force  vectors. These results are In good 
agreement with theory and a lso  indicate that supersonic types of 
propellers appear t o  be the most promising i n  the high subsonic speed 
range with r e m  t o  obtaining the highest possible  efficiency. 
Consideration of the propeller wbn operating in the supersonic range 
indicates very favorable power-abaorbing characterist ics EO that a 
relat ively much smaller supereonic  propeller may be used to absorb the 
8m.m powar at a Mach nuniber of 0.9 than would be necessary a t  a Mach 
number of 0.75. 

, for which the maximum efficiency waa found t o  be 88 percent. A t  

Highpeed investigatione of propellers have been made previously 
a t  f o m d  Mach numbers  up t o  0.725. Many airplanes ere now being 
designed, hawever, t o  fly at much greater Mach numbers. Coneequently, 
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an investigation of the NACA L ( 5 )  (08)-03 txo-blade propeller roported 
in reference 1 was-begun to  obtain propeller performme at transonic 
speeds. That  investigation was not complete  because  of power lhni- 
tationa and mechanical  difflcultieB  encountered  with the propeller 
dynamometer.  Since.  that  investigation, the dynamameter was redesigned 
and the investigation bas been  completed. 

Presented herein are the  force-test  results of the W A  4-(5)(08)-03 
twe-blade propeller cuvering a complete  range of blade angle from 20° 
to TO0 for a forward Mach m b e r  range from 0.175 to 0.925. These 
results  constitute  the  fire* part of a general propeller program intendod 
to study the  effects of blade-thickness  ratlo,  section  camber,  blade 
sweep, and dual rotation  on  the perfomnance of propellere  operating at 
transonic speeds. Only a limited analysis of the  force-test results 
is presented at  this  time  to  expedite  publication of the baeic  propeller 
results. Inasmuch ae the present  inveetigation is much more axtenaive 
and the  meaeuraments are believed  to be more accurate than those of 
reference 1, these  data  sllould  supersede  thoee  presented in reference 1. 
Large-scale  plots of the  baaic  propeller  characteristics  (fig. 10) are 
available on request to  the m A .  
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SYMBOLS 

area used in thru8t-tare  calculation, tiquare feet  

number of blades 

blade width, feet 

section design lift  coefficient 

tlmt coefficient - 
( A 4 )  

propeller diametar, feat, or  &a&, pounds 

blade-uidth rat io 

skin friction  of  spinner (no propellor), pounds 

. .. 
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D . .  

fP """"Bkfn f r i c t ion  of spi~lner (with propeller),  pamds 

h maximum thickneee of blade section, feet 

h b  blade-thiclmess r a t i o  

J 

M 

ML . l o c a l  Mach nTmiber 

M t  helfcalet ip  Mach  number (m) M 1 + 

n propeller rotational speed, revolutima per second 

P parer, foot+ounds per second 

% change in static pressure without propeller, pounds 
per square foot 

change in s t a t i c  pressure uith propeller,  pound^ 
per square foo t  

dynamic pressure (@ 

TP indicated  thrust ( e t h  propeller), pcmnd.8 
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V 

rlmax 

P 

velocity in  wake, fee t  per secmd 

induced angle of attack 

section blade 'angle, degrees 

blade angle a t  0.75 radius, degrees 

cot+ ( l i f w r a g  r a t i o  for t w ~ l m e n s i o n a l  flow) 

air  deneity, slugs per cubic foot 

This investigation wa0 conducted in the  fangley &foot h i g a p e d  
tunnel. T h e  nozzle of this tunnel  propides both a eubemic and a 
auperaolnic test sectian. The propeller dpammeter was inetal led in 
the tunnel as shown in  figure 1. The propeller was located in the 
subsonic tes t   sect ion of the nozzle. 
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Dpmcsneter.- The primary structure of the dynammeter cansiste 

of a long circ-r s h e l l  13 inches in diameter and l.I inches  thick. 

It i s  b u i l t  in two similar unlte so that etther s a l s -  o r  dual- 
rotation  propellers can be tested.  Each unit is supported by a large- 
chord strut a t  i ts  center. The dynamcmeter has a ngninal rating 
of 800 horsepower at $00 revolutione  per minute and can be overladed 
for short  periods of time. A continuom speed crmtrol for the four 
induction motors which drive the propeller is dbtained'by  the use 
of a variabl+frequencg power supply. Each unit ha6 two motors 
flexibly coupled. Sectional views of the dynammeter are shown in 
figure 2 and a detailed descr ipt im of this dgnammeter is preeented 
in appendix A .  

4 

The calibration of the tunnel air stream c-iated pr incfpal lg  
of longitudinal surveys of the a t a t i ~ r e s s u r e  and r ad ia l  surveys of 
the   s ta t ic  and total gressures in the propeller test plane. 

Longitudinal survey.- The longitudinal  static-pressure surveys 
were =de by the me of a tube l2 fee t  in length which waa lnatalled 
f i r s t  6 Inches and then 18 inches below and p r a U s l . t b  the  outer 
surface of the dynaaneter  barrel.  Fluah  8tatic"pressure  orifices 
along the surface of this tube provided measurament of the s t a t i c  
pressure -frcan which the values of Mach number were obtained. T h e  
I q i t u d i n a l  Mach  number distributians obtaFned l8 inches below the 
dyraamcaneter surface  are  presented in figure 3. The pressme  distribu- 
tions at  6 and Is inches frm the dynamcaneter barrel were the mme. 

Radial survey.- The radial. distributicm of Mach  number was 

measured wfth two survey rakes shown in figure 1. For these surveys 
the rakes were moved .forward of the  posit ion shown in the  figure t o  
obtain measuraente in the prqeeller plane. The Mach nuzliber distri- 
bution was uniform across the propeller plane and the maximum variation 
i n  Mach nmiber m8 less than a.0005, which is the order of accuracy 
of the measurement. The pressure measurements with the 12"foo-b tube 
checked the radial eurvey a t  both the & and &inch posltionS. 

Hor izonta l  smey. -  A horizontal survey rake located 6.5 fnches 
above the dpIamm0ter ba r re l  at  the  propeller plane was used t o  measure 
the  velocity  distributian in the wake of the front dynammter support 
strut. The velocity  distribution  obtained is shown in figure 4. 
Calculations of the  effect8 of thie  varfation in velocity on the 
average stream velocity show it t o  be negligible. 
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Thrust and torque  ca1ibraticms.- Tmical resul ts  of the  thrust  

and torque  calibratians f o r  t&e dyne3uWter are  presented i n  figure 5. 
In the Important range of propelhr   thrust  and torque measured in 
this  investigation  the maxlmmu error in indicated  thrust and torque 
was less than 0.23 percent of the  applied load. In the very amall 
load mnge sanewhat greater error8 a r e  Involved. The method for 
measuring the propeller  rotational speed is described in appendix A .  
The measured rotatianal speed8 are  accurate t o  within k2 revolutiana 
per mlnute for all rotattonal speeds. 

Propeller and Tests 

Propeller.- T h e  NACA 4-( 5 )  (@)a3 t w d 3 l a d e  propeller used in - 
this investigaticm is the same propeller  ae  that used i n  the Inyesti- 
gation8 reported in  references land 2. T h e  blade was deefgned for 
a three-blade  propeller t o  produce m-ln.lrmlm induced energy losses 
(prof i le  drag assumed equal t o  zero) at  a blade angle of 45O a t  
the O.7-mdiue station and a t  an advance ratio of 2 .l. The gape 
between the spinner and blades were sea led  far a l l  operating  canditime. 
Blade-form c m e s  are shown in  figure 6. A photopaph of the blade8 
investigated l e  shown in  figure 7. 

Tests.- Thrust,  torque and ro ta t ima1 speed were measured 
throughout the ccanplete. qe ra t fng  range of the prqmller.  For each 
tunnel Mach number the  propeller was TW a t   c m t a n t  blade angle a@ 
the rotatianal speed Wa8 varied. The range of blade angle covered 
for each test Mach  nzrmber is given in the f o U a -  table: 
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20 
20 

25 

25 
25 

30 

30 
35 30 

4-0 

40 35 30 
40 35 

40 
40 

- 
45 
45 

45 
45 
45 
45 
45 
45 

- 

60 
55 

55 
55 60 
55 

60 55 
60 

60 55 
60 55 
60 55 
60 55 

Propeller thrust.- Rwpeller thruat, as wed in this report, is 
defined as the shaft tension prduced by the spinnewto-tip  portion of 
the blade. In order t o  obtain propeller thrust, it w a ~  necessary t o  
determine thrust tares with the dpamaneter operating without the 
propeller fgc all. rotational speeds and forward Mach numbers at  which 
the propeller would be operating, I n  addition,  the changes in t m t  
force produced by the changes in pressures in the spFnner gap in the 
presence of the  operathg propeller and in the dpmmmeter housing 
were measured and applied as corrections to the measured thrust. The 
,corrections  to the measured thrust due t o  spinnercskh-friction  tares q e  
presented in  figure 8. A detafled deecription of the method used t o  
obtain the actual propeller tbrmt is given in appendix B. 

Propeller torque.- Torqu-tare correctimm were found t o  be am= 
and dependent on spinner  rotational speed. . The Zndicated torque 
read- was corrected for the spinner tare (a maximm of 1.2 foot+ounds 
a t  6000 rp). 

Tuzlliel+niLl correction.- The force-teet data have been corrected 
for the effect  of tunnel-.wall constraint on velocity a t  the propeller 
t e s t  plane. The method generally used for determining the effects  of 
tunnel: -wall constraint  (reference 3) has consisted of  meaeurament of 
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the aircstream velocity  along radial llnes from the propeller t i p  t o  the 
tuzlnel wall €mmdiately ahead of and behind the propeller plane. T h e  
equivalent free-air velocity WBB then  obtained by extrapolation of 
these measurements t o  an imaghary point beyond the tmnel w a l l  where 
the two sets of fore and aft measurements l ed  t o  the same valuEj of 
velocity. 

The uncertainty  in  the  determhation of the asymptotic value of 
velocity plus the   djff icul ty   in  procuring survey rakes which  would  be 
structurally  suitable at tramonlc speeds and which  would  be 8at&3- 
factory  as  regards aerodymimic interference and choking effecta led t o  
the consideration of another method for the deterrmFnation of tb wall- 
interference  effects. This method is baaed  upon the meamrement of 
the  effect  of propeller  operation on the presmres along  the tunnel 
w a l l .  The equivalent free-air velocity is determined by taklng one- 
half of the maxinarm difference between the tunnel-wall veloclty  with 
the  propeller off and the tunnel-.wall velocity with the propeller 
operating and applying t h i s  increment t o  the tunnel-datum velocity 
for  the p rope l l e rd f f -  condition.  This approach t o  t.he problem has 
its b a s h  in the propeller*mntum theory (reference 4) which share 
that the induced veloci ty   a t  the propeller plane hafl a value of 0- 
the induced velocity i n  the final w a k e .  

The preeeure measurements along the tunnel d l  showed that the 
maximum change In tunnel- velocity, due to  the  propeller,  occurred 
approxFmatel;g 0.8 propeller diameter daKnstream of the propeller. 
Confirmation of the val idi ty  of the method ueed waa indicated by the 
result that the measured velocity increments along the tunnel wal l  at 
the  propeller  plane were one-half of the maximum velocity  incremnte 
damEltream of the propeller. T h e .  results of these measurementfl are 
presented in figure 9 ae the   ra t io  of the f r e s e l r  velocity t o  the 
tunnelrdatum velocity a8 a function of the thrust diek-loading c00ffI- 
cient and the tunnel-datum  Mach nmiber. Further confirplation of the 
validity of t h i s  method of evaluating t h e  tunnel"wall-interference 
correction  ie  indicated by the agreemerrt between the experimentally 
determined values and the  theoretical  values  obtained frm the method . 
of reference 5. For the purpose of this paper, the agreement between 
the  experimental and theoretical  correction is presented in  l ieu  of a 
fomnal proof of the method used. 

Accuracy of res~iits.- Analysis of the accuracy of the  aeparate 
measurements previously described has indicated that errors in the 

" 

i 

.. 

reeults presented  herein 8x8 probably l e a a  than 1 percent. . Repeat runs 
have confirmed t h i s  estimate. 



9 

c 

The basic p o p e l l e r  characterist.ic8 are presented i n  figure 10 0 

For each value of tunnel-aatum Mach  number, M, the  propeller thrust 
and power coefficient8 and efficiency are plotted ageaimt advance ratio. 
The variation of  t i p  Mach  number w i t h  advance r a t io  ia also included. 
As used $n this report,  the  tunneldatumMach number, M, is not  corrected 
for tunns1"wall constraint. However, the fie-beam MEach IuLmber can be 
obtained by applying the tunnel+dl correctiom,  presented in figure 9, 
t o  the tunnel-datum h c h   m e r .  A t  the high Mach nunibera the tunnel- 
wall correction is generaUy lee8  than 1. percent  but, i n  any rigorous 
analysis wherever mall changes in Mach rider produce Large changes in 
propeller  characteristic8 involving the baezc data presented in figure 10, 
the tunnel-datum  Mach  number ehould be corrected t o  free-etream Mach 
number. 

Effect of forward Mach  number on max3mm efficfency.- The variation 
. of mnr-lrmrm efficiency w i t h  forward Mach llumber is preaented in figure ll 

for all of the blade .angles investigated. The dashed lines, which 
provide an estimation of the data for the lmr blade angles, represent 
mere- the highe8t measured values of efficiency and do not  represent 
the  highest possible values of the  efficiency. 

The highest values of low-epeed mximm efficiency were obtained 
throughout a wide range of blade angles. from 30° t o  600. The maximum 
efficiency throughout thi8 range wa8 about 92 percent. At blade angles 
above 60°, and part icular ly   a t   the  blade-angle set t ing of TO0, large 
reductions in the value of the  efficiency  resulted (q = 84 percent). 
These re lat ively la; efficiency values for   the higher blade angles are 
undoubtedly due to the high rotational losses a~6ociated with the h3gh 
blade-angle  operation which are  further aggravated by the  fact  that the 
design  pitch  distribution for these blades ( d e e a  B = 450) leads t o  
operation of the shank aectiom at  blade angle8 greater than woo Aa 
has been shown previously,  the forward Mach  number at which efficiency 
l08sea  begin because of adverse effect8 of commessibility wae found 
to increase w i t h  incream in blade angle. For t h h  propeller, these 
adverse effects were delayed t o  a f0rwaz-d Mach nuniber of 0.71 for which 
a blade angle of 65' was required. The max3mm efficiency f o r  this 
condition was 88 percent. Beyond thie  point  the large low-apeed losses  
previously discussed f o r  the TOo c a m  become even greater ami thua 
IMt any further delays in  compressibility  effects through the w e  of 
hlgher blade anglee. These delays are accomplished s-ly through the 
reduction in ro ta t iona l  speed as the  forward Ept38d is increaeed t o  
maintain  sufficiently low t i p  speeda t o  avoid  the  effects of cmpess i -  
b i l i ty .  Once the  effects of c q r e s s i b i l i t y  occur, however, large 
reductions Fn the  efficiency  assocfated  with  reduced lif-ag ratios 
are encountered f o r  all the blade angles tested, The rate of maximwn ____._ 
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efficiency  reduction  increases 88 the blade angle is increased. A t  a 
forward Mach m e r  of 0.9 the value of maximum efficiency is 57 percent 
a t  a blade angle of 55O. 

Attention is ca l led   to  the f a c t  that in the range of forward Mach 
numbers above approximately 0.8 the maximum values of efficiency ere 
obtained f o r  the lowest  values of blade angle which carrespond t o  the 
larest values of advance-diameter ratio,  and thus in t h i s  speed range, 
decreaaes in the advance-diameter r a t i o  rather than increases in 
advance4iameter r a t i o  appear  necessary fo r  best efficiency. F"bher 
attention i a  called t o  the fac t  that these lower values of blade angle 
and the corresponding reductions in  advance-diameter r a t i o  are assocl- 
ated w i t h  marked increases i n  rotational speeda so that the propeller, 
a t  a blade angle of 55O and at a forward Mach number of 0.95, ie 
operating  almost ae a fully supersonic  propeller in which the resultant 
Mach  numbers all do& the blade are in excess of unity (Mt z 1.5). The 
results therefore indicate that supersonic type8 of propellers appear 
to be  'most promieing i n  the high subsonic  speed range with regard t o  
obtaining  the  highest  poaaible  efficiency. 

Ef'fect of advance r a t i o  and farward Mach number on maximum 
efficiency.- A further insight into  the  nature of this phenamenon is 
gained by considering as a pirirmry variable the advance ratio.  These 
same maximum efficiency results from figure 11 are presented aa solid- 
line curves in figure 12. For purposes  of comparison, calculated 
values of propeller  efficiency are  also sham f o r  fixed values of the 
lif-ag r a t i o  L/D in the form of dashed linea. 

The efficiency of a section dong the blade is a  function of the 
geometric helix angle, induced angle of attack, and the two-dimensional 
lif w a g  ratio,  and is given by 

% = tan go cotan(go + q + 7 )  

If ai and 7 are combined, it is possible t o  d e f k  a new lfft-drag 
r a t i o  which includes induced drag and is therefore comparable t o  the 
definition of' lift-drag r a t i o  f o r  a f i n i t e  
lif-ag r a t io  is theref ore  defined by 

ai + y = cotan -1 

w i n g .  In t h b  paper the 
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Since  the  geametric helix angle is gfven by . 

i 

c 

#o = tan -1 J %x 

the  section  efficiency can be expressed  as 

- (&I(-) 

The theoretical  section  efficiency  given by equation (4) has been 
plotted in figure 12 for the 0.7-radius s ta t ion and thus represents 
an approximate average propellex' efficiency. Both the erperimental 
resul ts  and the calculated  results show that, when the levels of 
efficiency a r e  high (correeponding t o  high values of rat ios) ,  
a wide range of advance r a t i o  erbts  through which high levels of 
efficiency are maintained. As the Mach number i~ increaeed, hawever, 
there first OCCUT the  reductions in  the eff  iciencr in the l q e r  range 
of advancsdiameter  ratios due t o  the  omet of compressibility  effects 
in the experimental results;  t b ,  only  a narrow region of high values 
of the advance r a t i o  are l e f t  f o r  which hfgh values of efficiency are 
obtained. With fur ther  increases in  Mach  number, however, even this 
small range of high advance r a t i o  is el-ted, and the average  values 
of the blade L/a as indicated by comgarison w i t h  the dashed lines 
undergo marked reductions. 

At the low values of advance r a t i o  the thew clear-  indicatee 
that  the  efficiency is no longer relatively  inseneitive t o  the value 
of J 88 wae previously pointed out for the lar-speed operati=  cases. 
Examination of the theory t o  ea l a in  the  sensi t ivi ty  of the  efficiency 
t o  advance r a t i o  when the values of l i f t -drag r a t i o  a r e  low has 
indicated that this gain is associated with the changes in  the  geometrical 
combination of the force  vectors. The theoret ical   l ine  f o r  lift-drag 
ra t ios  of 3 and 4 shms that very marked differences i n  eff icfency  occur 
over the range of advance ratios  investigated by the exgerimental study. 
The reduction thus obtained f r a n  the  theoretical  calculation would 
indicate that fo r  8 fixed value of lift-drag ra t io ,  hdvance r a t io s  of 
the order of 2 are necessary t o  maintain best possible  efficiencies. 
The experimental resu l t s  tend. t o  confirm th l s  at  forward Mach nmbers 
in  the range a r o d  0.9 . The coqwison  between the theoretical  and 
the  experimental results further  indicates that about the- four th  of 
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the   r ise  in efficiency with reduction of the advance-diameter r a t i o  
shorn in the experimantal results is accounted for sole ly  by the 
reduction in J. The slightly  greater slope for the erperimental 
results, accounting for the remaining 25 percent of the improved 
efficiency, is chargeable t o  slight improvements in the average lift- 
drag ra t io .  

The results of the analytical st* have therefore confirmed the 
exgerimental  indication that operation at larer advance ra t ios  at very 
high subsonic forward Mach numbers (supersonic  operation) would be 
exgected t o  give the best  possible  propeller perf‘ormance. 

M e r  coefficient  for maximum efficienq.-  Contours of constant 
parer coefficient for maximum efficiency are sham aa daehed lines 
i n  figure 13. The s o l i d  1-8 are  the mdmm efficiency results from 
figure ll. A t  the highest  forward Mach numbers reached in  t h i s  
investigation, the power coefficient far highest efficiency  decreased 
t o  about half the valuee occurring at forward Mach numbers of 
about 0.75. These verg marked reductions in parer coefficient are, 
however, aseociated with quite large reductions in the s i z e  of the 
propellere needed far maximum eff lciency in  the hlgher speed range. 
For example, although there is a marked reduction in  the power coef- 
ficient for maximum efficiency, the actual parer abaorptlon of thie 
t w o - b l a d a  propeller at an advance r a t io  of 2.8 and at a forward Mach 
number of 0.9 i e  six t-6 ae great 88 the corresponding power absorp- 
t i o n  of the gropeller when operating at a forward Mach nzmiber of 0.75 
and an advance r a t i o  of approximately 5. Thus 8 verg much smaller 
propeller is required  for the supersonic tyge of propeller; and if t h i e  
cnmparieon is based u p  consideration of propellers of different e ize  
t o  absorb the same parer, it would resu l t  In the supereronic propeller 
o p e r a t a  a t  a Mach number of 0.9 which w o u l d  have a diameter 40 percent 
of the diameter of the subsonic propeller designed t o  absorb the atme 
power at 8 forward Mach number of 0.75. Thus, a verg favorable power” 
absorption characteristic is indicated for the low advanoe3.atio 
supersonic  t”pe of propeller, which would lead t o  comiderable  reduction 
i n  propeller w e i g h t .  

Conpariaon with reeul ts  of previoue 5nvefltigation.- The envelope 
efficiencies for blade angles of 45O and 600 are  presented in figure 14 
and cmpared with reeults of the previous  investigation  reported in 
reference 1. 

The keyed symbols in  figure 14 a m  included t o  indicate the pointer 
of tangency of the ewelope curve with the individual  efficiency curyes 
for a given forward Mach number. The dashed line in the curve for the 
60° blade angle of reference 1 represents the highest measured efficien- 
cies, but the limited range of parer available in  the p e v i o u   t e s t s  was 
imuff ic ient  t o  reach  the max-fficiency conditions; thus, i n   t h i e  
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range, the differences in the two se t s  of data resu l t   p imar i ly  f'ram 
the  incremed power available in the preeent tests. The remaw 
c m w i s o m ,  that ie, f o r  the 45O blade angle and t h e   l m w p e e d  
range for the 60° blade angle, g e n e r a l l y  present an average difference 
of the,order of about 3 t o  4 percent. This difference is believed t o  
resu l t  primarily f rom the cambined errors In the test-  techniques of 
the two aerie8 of tests. In  the former teets, the measurements were 
considerably less accurate than in the current teste and, 88 i e  noted 
in reference 1, determination of the efficiencies w88 not  believed t o  
be more accurate than about 2 percent  with  the  possibility of errors 
due t o  spinner  corrections of an additional I percent, thus about 
3 percent of the  difference can be considered chargeable t o  the errore 
of the  previous  tests. Because the present tests a r e  considered t o  
represent a mch  more accurate set of measurements and are much m r e  
extensive, it is recammended that the  results  presented in this paper 
be considered t o  supersede the results of reference I. 

Tests of an I~ECLCA 4-(5)-(08)43 -lade p0pe-r ~n the 
Langley &oot -peed tunnel f o r  blade angles of 20' t o  TO0 and 
through a f ormxd Mach  number range extending up t o  0.925 indicate 
the following resu l t s  : 

1. The adverse effects of campressibilitr may be delayed t o  a 
maximum forward Mach  nzadber  of 0-n f o r  a .blade angle of 65' f o r  
which the maxbzrn efficiency x88 found t o  be 88 percent. 

2. For the forward Mach numbers at  which low lift-drag ratios due 
t o  operation at  supercrit ical  speede can no longer be avoided, the 
highest  efficiencies are  obtained at reduced  values of advance ra t io ,  
approximately 2.0 for best efficiency. 

3. A t  high supercrit ical  forward Mach numbers, large gains in 
maximum efficiency a r e  possible through  operation a t  low advance ratios. 
Part of this efficiency gain results from increased b l a a e c t i o n  lift- 
drag ratio,  but the principal gain resultB * the more favorable 
geometry of the  force  vectors. For these  condition8 of operation, 
which are  obtained  through large Increases in rotational speed, the 
propeller operates 88 a supersonic propeller. 

4. consideration of the propemr when operating at supersonic 
section speeds indicates  very  favorable pare-beorbing characteristfcs 
so that a relat ively m h  U e r  supersonic propellerimay be used t o  
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obtain the same pare?+abeorblng characteristic8 at 8 Mach number of 0.9 
than would be necessary to absorb the same power at a forward Mach 
number of 0.75. 

Langley Aeronautical Laboratory 
National Advhory Conunittee f o r  Aeronautics 

Langley Air Force Base, Ya. 



W A  RM ~scmh 

Figure 1 ehms  the ccmqlete dynamaeter  inetaUed in the t e d  
section of the  tunnsl. Figure 2 ehms one of the two simflar 
4WAorseparer units of the dynamometer. The two motors of each unit 
are "doubly" coupled; that is, a flexible  carpling  connects the drive 
shafts or rotors and a f h e d  coupling  connects the two stators or 
motor casing8 80 that each unit has essenti- one moCor of 4-00 horse- 
power. The fixed  coupling is a long steel  hell. O n  each end of this 
s h e l l  a cylindrical  ah- bearing (shown In fig. 2(b),  detail  A) 10 inches 
10% and &- inches dim8ter  Support6 the Wing parts O f  O m  2 
unit. The air  bearing is essentialJy a thin jacket of moving air 
which provides t h e  sustaining  force for the dynamameter. The outer 
race of this bearing is fixed t o  the outer shell of the dynammeter 
and contains a comgressedrair chaniber and a system of radial or i f ices  
located  longitudinaUy and circumferenthlly around the  race. The 
inner race ie a f loat ing sleeve which i a  connected t o   t h e  motor casings 
By an alhemnt ring. Between the two races ie a gap of about 0.002 inch 
through which the cnmpressed air (pupped from an external  aource) is 
allowed t o  expand. This air flm out both emla of the air bearing and 
is deflected by exhaua-ir b a f f l e s  t o  flow over the coupllng shell and 
out through the large supporting struts and then  fnto  the  tunnel (fig. 1). 
A labyrintbtype seal located a t  the end of the dynamometer unit near 
the  propeller  restricts the flow of air  out of that end of the dym+ 
mameter. One part of this sea l  waa f ixsd t o  the outside cas- of the 
dynamometer and the  other part was f ixed to   the  f loat ing unit of the 
dynamometer. 

Axial and rotational movement of the  f loating parts of the 
dpamaeter is automatically  controlled by pneumatic compensators 
t o  provide essentially a null-mwement system. These pneumatic 
cnmpensators are integral  parts of the bydraulic thruat- and torque- 
maSUrM dt8. 

A cross  section-of  the  torque unit is shown in figure 2( c), 
d e t a i l  B. "O semicircular shells and two f la t  air plate6  containing 
a cnm-pressed"air  chamber are r igidly connected t o  the  outer  casing of 
the motors. The a i r  escapee f r o m t h e  air c-er through small orif ices  
in the plates. Between the air plates Is a f o w - c e l l  hydraulic  cylinder 
block r igidly  f ixed t o  t h e  outer barrel of the dQnamometer. The l iquid 
i n  each hydraulic  capsule is retained by a rubber diaphragm again& 
which a f loat ing  pis ton  acts   to  change the peesure of the f lu id  when 
a torque  force is trammltted t o  it. An air gap of 0.002 lnch exis ts  
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between the outer surfaces of the pistons and the air plates on the 
samicirculsr shell. Thfer film of air t r d t e  the moto”torque 
react ion  to  the pistone of the w a u l i c  units. When the  samicircular 
shel ls  move rotationally, because of torque reaction, the pressures i n  
the air gape chmge, and thereby produce corresponding changes i n  the 
load on the pistons.  Diametrically  opposite  pistons  experience  identi- 
c a l  changes in pressure, and the  hydraulic fluid acted upon by diamet- 
ically opposite  pistons is forced I n t o  one hydraulic peesure line 
lead- t o  one side of a similar hydraulic capsule on a Toledo * i n t w e i g h  
scale. The pressure line f r o m  the other tw~~hydraul ic   capsules  in the 
dynamometer is connected similarly t o  the other side of a hydraulic 
capsule on the beam balance. 

The f l u i d  in each of these l@raulic units is supplied f r o m  
separate  reservoirs which are kept  about half full. The upper part 
of one reservoir contaim air  maintained a t  a constant preesure 
through a constanbgressue  valve inererted in the alrcsupply line. 
The upper part of the  other  reservoir containa pressure-regulated air 
from a p i lo t  valve. Thla  p i lo t  valve is connected d i rec t ly   to  the a- 
supply line and t o  a ‘compensator valve which automatically fixes the 
position of the  float- part of the dynammeter and regulate8 the 
pressure in  the  reservoir for all applied torque lo&. The p-essure 
difference between the twu hydraulic units i e  proportional to  the  torque 
and is meamred directly on the beam balance. 

Operation of the thrust unit (see fig. 2(c), de t a i l  C) is s a  
to that of the  torque unit. Two coaxisl  hydraulic capsules separated 
by a comn  p i s ton  are rigidly attached to   t he  motor cas ing  or floating 
framework of the dynRmnmAter. The liquid  in  these  capsules is retained 
by rubber  diaphragm in contact  with the wmking surface8 of the piston. 
Pressure lines from both  capsules  are connected t o  a similar hydraulic 
capsule on a Toledo fiin*ei@;h ~ c a l e  t o  indicate the thruet. The 
thrust is proportional t o   t he  pressure difference of the liquid i n  the  
two capsules. I n  order t o  provide freedam of motion in  the torque 
direction, the outer annular area of th6 thrust capsule  piston 18 
sandwiched between two air pla tes   to  make the piston  f loat .  The air 
plates 8x8 rigidly connected t o  the dymmimter barrel and contaln 
higlbpressure a i r  chambers. The high-pressure a i r  escapes Dan t h e e  
chambers through small orifices and flm radially in both  directions 
between the  a i r   p la tes  and the  piston. This air is erhaueted  through 
the main support strut. T h i s  t h i n  film of air, 0.002 inch  thick, 
transmits the load t0 be masured t o  the floating piston. 

Since the a i r  film between both thrust and torque air plates does 
not  tranemit sheer loa&, no interaction is possible between thrust 
and torque  forces and cram calibrations have sham no interaction. 

I 



. 
An &pole alternator 3a coupled t o  the shaft of one of the 

2C"horsepoxer motore. and i t 8  output ie  fed  Into a frequencyamasuring 
instrument t o  give the popeller  revolutions per minute. A check  on 
the accuracy of this jnatrument is provided by c a p r i n g  its indicated 
frequency w i t h  a hown Lisaajowt figure on an oscilloscope;  such 
checke give agreement t o  f2 rpm through the whole  speed range used in  
t h i s  inV06t-tiOIl. 

T h r u s t  and torque  calibration8 of the Qnammeter for each unit 
separately or for units coupled were the same and l h e a r .  Calibration 
curves are shown in figure 5 and the  indicated thrust and torque  loads 
are  w i t h i n  M.25 percent of the applied loads fo r  the range of loads  
of importance in this  inregtigation. Periodic checks of the thrwt 
and torque callbrat form have ehown no change in the  calibrations. 
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The tare thruat  without the propeller is capoeed of skin 
f r ic t ion  DfT of the spinner and any -change in t-t reaction EApTA. 
produced by changes in  pesmre a t  the epinner gaps and inaide the 
dpamometer, where A is the portion of the  projected =ea of the 
floating part of the dynammeter affected by the presetwe change A@. 
T W ,  the indicated tare thrust % becarnee 

When the propeller is prodxcing thruet, the indicated thruet is composed 
of the thrust T produced by the spinne-teAxLp portion of the blade, 
spinner skin f r i c t ion  Dfp and any change in thruet  reaction EA@ 
produced by changes in pressure at t h e  spinner gaps and inaide the 
dynamometer. Thw the  indicated propeller thrust, TP, becomes 

and- 

If the skin f r ic t ion  of the syillnsr is asumed t o  be the 8 a m  with or 
without the propeller f o r  the aame conditiona af tunpel and Qpamaneter 
oneration, then Dpp is equal t o  DfT and equation' (B3) becanes 

"he -skin  f r ic t ion of the spinner 88 evaluated f'rom the 
found t o  be re lat ively independent of rotational speed - on 



tunnel Mach lurmber only. Figure 8 shows the  variation of measured skin 
friction  wlth Mach &or f o r  this dpmmmter.  The theoretical  akin 
friction  calculated f o r  a flat plate baeed on a turbulent boundarg 
W e r  and the   locd .  Remolds n m b r  (reference 6) ia shown f o r  c- 
ison. The agreement ie good. 

It w a s  necessaq t o  measure pressures at nine locations Fn the 
dymmometer homing and at three radial locations on each side of "&e 
spinner in  order t o  evaluate the changes fn thrust produced by changee 
in pressure. The locatione at e i c h  pressure meamrement were made 
a m  shown in  figure 1. The cnmplete syatem XBB checked t o  insure 
correct  evaluation of thrust  changes due t o  peasure by applying lmam 
iKternal pressures throughout the dymmrmter barrel .  Checlra of thia  
were made frequently f o r  the Qnammter without a propeller, and the 
change in: fndicated thrust checked the  calculated change due t o  pressure 
w i t h i n  "15 pound. 

Very l i t t l e  change in spinne-p peesure m e  meaewred when the 
shank sections of the  propeller were unstalled or  operating at 
subcritfcal  speeds. Larger changee in pressure occurred, however, 
a t  both the  front and reex gaps of the  spinner for supercrit ical  
shank section  operation amounting t o  13 percent of the  propeller 
thmrst a t  a Mach n&er of 0 .p5 f o r  Bo. 7s = 5 5 O  and a8 mch as 
100 percent of the propeller thrust at a k c h  nmber of 0.925 
f o r  Bo. 7p = TO0 T h i s  WBB for -ff iciency  operation of the 
propel ler .  Very little change in pressure WELB meaaured at the nine 
locations mide the dynamameter. These changes show that, for  
propeller tes t ing 8t high forward speed8, particular c8L.e m t  be 
given t o  pressure instrumentation i n  order t o  ineure accurate evalua- 
t ion of propeller thruet . 

. . 
t 
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Detail A. F h t Q  bearing unit 
1. Labyrinth seal 3. Bearing floating sleeve 5. Ahbearing 7. Air pressure 
2. Exhaust air 4. Allnement ring 6. A h  chamber 

(a) Float ing-bear ing d t .  
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. 

Longitudinal tunnel station , in. - 
Figure 3 . -  Longifudinat Mach number distribution in 

v 
fhe Langley 8 -foot high -speed tunnel I 8  inches below 
+he surface of +As dynumomefer  w/fhoLnc 
prope //e Y. 
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